methods to measure the electrical properties of kidney tubules was an important as well as clhallenging problem. This paper deals witlh some of the advances effected in our laboratory in the past 5 years.
The properties of microelectrocles that present the major problems are: 1. the invisil)ility of the electrode tip, 2. the instability of the tip potential, and 3. tlle instability of the tip resistance. Since a brief description of resistance measurement problems lhas been published elsewhere recently (14) , only the first two points will be discussed lhere.
Simple microscopic observation alone can never tell whetlher the invisible microelectrode tip lhas penetrated the invisible cell membrane. In order to decide whletlher the tip sticks witlhin a cell or wlhetlher it lhas reaclhed the tubular lumen a number of localization metlhods lhave been developed. A Fig. 1 , the problem is already solved, since the distinction between single cell membrane potential differences and transepithelial potential lifference is self-evident and unequivocal in this case. Unfortunately, tllis teclhnique (loes not work in all tissues. Figure 1 was obtained from experiments on the rat tubules and tlheir cells are much smaller and because the tubular wall is more flaccidl. In the same type of experiment in the rat kidney instead of discrete potential plateaus usually only transients are observed during which the potential difference junips to negative values of 10-80 mV and then declines more or less rapidly towards zero.
In most of the earlier literature it was tlhought that a potential value which remained constant, when the electrode was moved more tlhan 1 cell diameter, could arise only from the tubular lumen. This conclusion is subject to errors, lhowever, since the tulbular wall is not stiff and togetlher with the electrode tip can well be displaced over suclh a distance. In order to provide definite proof of the intraluminal location the electrode should be advanced much farther (we lhave reached ul) to 5 luminal diameters (4) ) and visible distortions of the tubular wall should be prevented.
Another useful modification of the potential profile method, which we have successfully employed in botlh proximal and distal tubules of the rat kidney, is to puslh the electrode through the tubtule and record the transepithelial potential ( 4v17 electrode hlappened to penetrate into the tubule in a given impalement. The values scatter from zero to -80 mV and are not different from similar observations under free-flow conditions. The ordinate depicts the potential change whiclh occurre(l wlhen the luminal perfusion was switched from sodium chloride to choline clhloride. This change was reversible in all instances. Depending on their response to the luminal clholine clhloride perfusion the potential values can be divided into two groups: 1. The data of the first group gather around the abscissa. These data were practically unaffected by the choline chloride perfusion altlhouglh in some cases a small potential change was observed either in positive or in negative direction. 2. The dlata of the second group gatlher around the ordlinate. This group is comprised of experiments in which, during luminal NaCl perfusion, the potential difference was around zero mV and perfusion with choline chloride produced a potential change of around +20 to +40 mV. Since it was possible in some experiments by simply advancing the electrode to proceed from a group 1 to a group 2 belhaviour (Fig. 3b) (Fig 4) , when the transepitlhelial potential difference is gradually destroyedl.). In Fig 3b, however, 
B. Methods to Reduice Tip Potential Artifacts
The glass microelectrodes are filled with 3 M KCl solution to reduce liquid junction potentials that occur between the electrode fluid and the fluid surrounding the electrode tip. This principle is commonly used in the saturated KCl bridges. Althouglh it can never eliminate liquid junction potentials completely, since the transference numl)ers of K+ and Cl-are not absolutely identical and the activity of the saturated KCl solution is not infinite, the remaining potentials are generally so small that they can be neglected. However, if the liquid junction is formed within the tip of a glass microelectrode of less than 0.5 ,um outer diameter, the situation is no longer that simple. This is due to the presence of negative fixed charges at the glass surface. In the presence of the fixed charges the KCl concentration gradient gives rise to a potential difference between electrode fluid and immersion fluid-the so-called tip potential-probably in the same way as a meinbrane potential is generated across an ion-exchange membrane in the presence of a salt gradient. The polarity of the tip potential is always such that the capillary lumen is negative. The problem with the tip potential is that it is not constant. It changes with the Na+ and K+ concentrations of the immersion fluid (1) and it can also change reversibly or irreversibly during puncture.
To our knowledge all attempts to eliminate tip potentials completely have been unsuccessful(l 1). Common laboratory experience suggests that one factor which-increases the tip potentials is dirt. In our laboratory the following procedlure, which gives a satisfactory yield of low tip potential (_ 5 mV) and high resistance (20-100 MQ) electrodes has been adlopted. The glass capillary tubing (Pyrex, Corning) is washed with a mild detergent, rinsed thoroughly with distilled water, and boiled for up to 3 hr in distilled water. Then the capillaries are quickly dried with acetone and pulled. After pulling they are filled with methanol accordling to the technique of Tasaki et al. (13) and the methanol is replaced overnight with the desired electrolyte solution. In our experience tip potentials are higher when the electrodes are directly filled in hot KCl solution.
In some special situations the adverse effects of tip potentials can be further reduced by the following metlhods.
1. Continuiouis ejection of KCl soluition from the electrode tip. As demonstrated by Adrian(]), the tip potential is a logarithmic function of the external so(dium and potassium concentrations (compare also Fig. 6 ). This can callse severe problems during transepithelial potential measurements when the tubular lumen is perfused with hypotonic salt solutions. To overcome these difficulties we have taken advantage of the observations that the tip potential vanishes almost completely (luring ejection of 3MI KCl solution from the electrode tip. This effect is shown in Fig. 6 . It is found regardless of the ion concentrations of the immersion fluid. The abolition of the tip potential during fluid ejection seems to be caused by the displacement of the KCl concentration gradient from the site of the fixed charges within the electrode tip into the outside solution. This displacement separates the two causes necessary for the generation of the tip potential. After this observation we have routinely used a continuous ejection of The filled circles were measuired before fluid ejectioni, the triangles during fluid ejection, and the openi circles after fluid ejection. The abolition of the tip potelntial during fluid ejection was also observed when the immersion fluid was stirred.
KCl solution from the electrode tip in some of our experiments(5). The application of this teclhnique is restricted to transepithelial measurements in wlhich the tubular lumen is artificially perfused at high perfusion rates, since a significant contamination of the luminal perfusate witlh the otutflowing KCI solution has to be avoi(led. At lumninal perftlsion rates of 0.1-0.5 ,uliter/min no adverse effects of the outflowing KCI solution were observed, provided that the ejection of electrode fluid was reduced to the minimtum rate required to jtsSt abolislh thle tip potential of a given electrode in the kidlney batlh.
2. Use of isotonic bicairbonate Ringer's solution as electrode flutid. Determination of the transepitlhelial potential difference of proximal tubules under physiologic conditions presents a peculiar problem because the values are so close to zero that the reliability of the microelectrode measurement becomes questionable. This is especially true with KCI electrodes. There are several observations which suggest the presence of small systematic errors in such measurements. For example, the data from proximal tubules under free flow conditions wlhich we publislhecd in 1966(4) slhow an asymmetric clistribution witlhin the range of +7 to -7 mV witlh a mean value of -0.5 mV. Since it would seem highly likely that a small potential difference, if it existed, would have the same polarity in all tubules, a considerable number of the 92 observations must lhave been masked by errors. Such errors could arise from reversible clhanges of the tip potential. The tip potential could increase for example during the impalement, througlh contamination of the tip witlh protein material, andl the increase could be reversed upon witlhdrawal of tlhe electrode into the batlhing solution wlhen the material was stripped from the tip again. Corresponding reversible clhanges of the electrode resistance are well known to occur in almost every impalement (9) . Under favoturable con-ditions one can also observe such tip potential changes directly. When measuring the potential profiles, as shown in Fig. 1 , the electrode was pierced through the nephridium until it entered the coelom cavity again underneath. In this position the tip potentials had often increased and the increase disappeared after the electrode was withdrawn from the nephridium(2). Furthermore, we have observed in rat proximal tubules that potential differences of -1 to -3 mV whiclh are recorded with KCl-filled electrodes during luminal perfusion with plasma-like Ringer's solution do neither vanish upon poisoning with cyanide nor upon destruction of the tubular wall with chloroform. This observation strongly suggests that the small negative values may arise across the capillary tip rather than across the tubular wall.
In order to overcome these problems and to obtain more reliable potential measurements in the near-zero range, we have decided to eliminate one of the causes responsible for the generation of the tip potentials, by filling the electrodes with the same fluid whiclh they encounter in the tubular lumen. In this case a contamination of the electrode tip with protein material during the impalement should no longer matter, since there is no ion concentration gradient to generate a tip potential.
[If the composition of the luminal (= electrode fluid) and peritubular fluid is different, appropriate corrections have to be applied for the liquid junction potential, which arises between electrode fluid and external solution before and after the puncture, and this potential has to be checked frequently dluring the experiment in order to confirm that it is indeed equal to the liquid junction potential measured under macroscopic conditions.] Using this principle we have been able to reduce the scatter of the transepithelial measurements remarkably. During luminal and peritubular perfusion with identical bicarbonate Ringer's solution the transepithelial potential difference of rat proximal tubules was +0.3, SD ± 0.3 mV, with the 28 single observations ranging from -0.1 to +0.6 mV. Under free-flow conditions the tubular lumen was found to be consistently positive, the mean value of 52 observations was 1.8, SD ± 0.35 mV, and the range was +1.0 to +3.1 mV. Figure 7 shows that the positive potential difference observed under free-flow conditions disappeared upon poisoning the tubule with cyanide, probably as a result of a dissipation of the transepithelial concentration difference for Cl and HCO.3, and reappeared again after the cyanide solution was washed away.
CONCLUSIONS
The following conclusions can be drawn from the above discussion. 1 9 . In attempting to prevent tip potential artifacts the choice of methods is sinaller, and the teclhniques (lescribed above are confined to certain perfusion conditions. Tlhtus, the continuouis KCl ejection can be used only in the presence of hiiglh-speedl ltminal perfusions andl the teclhnique of filling the electrodes with Illminlal fluidl cannot be applied wlhen the composition of tlle luminal fluid clhanges.
Since we hattve slhown above that the luminal perfision with clholine chloride solution can be used as an ob)jective criterion for dletecting wlhether or not a given impalemenit is affected by tracnsepitlhelial leaks, we would predict thlat the ftuttire dIevelopment wvill be to avoicd the LingGerard type microelectrodes, witlh all their prob)leIls, and to tise insteacl sharpenied micropipets witlh a larger tip diameter. Such electrodes of 3-7 pm outer diameter do permit proper transepithelial potential andc resistaince measturemenits, as we hlave discovered in rat (listal tulules(4) and( whliclh has been observed also in lhamster collecting dlucts (10, 12) .
